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ESTIMATING FREQUENCY OFFSET USING 
A FEEDBACKLOOP 

TECHNICAL FIELD 

0001. This invention relates generally to the field of com 
munications and more specifically to estimating frequency 
offset using a feedback loop in digital signal processing. 

BACKGROUND 

0002. In communication networks, a receiver demodu 
lates a carrier wave from a transmitter to retrieve information 
communicated by the carrier wave. To demodulate the carrier 
wave, frequency and phase differences between a carrier 
wave and a receiver may be estimated. 

SUMMARY OF THE DISCLOSURE 

0003. In accordance with the present invention, disadvan 
tages and problems associated with previous techniques for 
estimating a frequency offset may be reduced or eliminated. 
0004. According to particular embodiments, a signal com 
municated from a transmitter to a receiver is received. A 
frequency offset estimate of the signal is determined. The 
frequency offset estimate indicates a frequency difference 
between the transmitter and the receiver. The frequency offset 
estimate is provided as feedback. A next frequency offset is 
compensated for according to the feedback. 
0005 Certain embodiments of the invention may provide 
one or more technical advantages. A technical advantage of 
one embodiment may be that a frequency offset estimator 
provides a frequency offset estimate of a signal as feedback to 
a frequency offset compensator. The feedback allows the 
frequency offset compensator to more effectively compen 
sate for the frequency offset. Another technical advantage of 
one embodiment may be that the feedback may be provided to 
the frequency offset compensator either before or after equal 
izing the signal. Another technical advantage of one embodi 
ment may be that the frequency offset estimator may provide 
the estimate without calculating the m-th power of the signal, 
where m represents m-ary phase-shift keying. 
0006 Certain embodiments of the invention may include 
none, some, or all of the above technical advantages. One or 
more other technical advantages may be readily apparent to 
one skilled in the art from the figures, descriptions, and claims 
included herein. 

BRIEF DESCRIPTION OF THE DRAWINGS 

0007 For a more complete understanding of the present 
invention and its features and advantages, reference is now 
made to the following description, taken in conjunction with 
the accompanying drawings, in which: 
0008 FIGS. 1A though 1C illustrate examples of systems 
that compensate for frequency offset using a frequency offset 
estimate provided after equalization; 
0009 FIG. 2 illustrates an example of a frequency offset 
estimator that may be used with the systems of FIG. 1; 
0010 FIG. 3 illustrates an example of an N-block fre 
quency offset error estimator that may be used with the fre 
quency offset estimator of FIG. 2; 
0011 FIGS. 4A through 4C illustrate examples of systems 
that compensate for frequency offset using a frequency offset 
estimate provided prior to equalization; and 
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0012 FIG. 5 illustrates an example of a frequency offset 
estimator that may be used with the systems of FIG. 4. 

DETAILED DESCRIPTION OF THE DRAWINGS 

0013 Embodiments of the present invention and its 
advantages are best understood by referring to FIGS. 1A 
through 5 of the drawings, like numerals being used for like 
and corresponding parts of the various drawings. 
0014 FIGS. 1A through 1C illustrate examples of systems 
10 that compensate for frequency offset of a signal using a 
frequency offset estimate provided as feedback after equaliz 
ing the signal. The feedback may yield more effective fre 
quency offset compensation without calculating the m-th 
power of the signal. 
0015. In particular embodiments, system 10 processes sig 
nals, such as optical signals sent by a transmitter and received 
at a receiver. An optical signal may have a frequency of 
approximately 1550 nanometers. Signals may be communi 
cated over a channel, which is a communication path having 
a defined bandwidth Such as a specific wavelength range. 
0016 A signal may communicate any Suitable informa 
tion, (for example, Voice, data, audio, video, multimedia, 
and/or other information) using any Suitable modulation for 
mat at any suitable data rate (for example, 10, 20, 40, 100, or 
over 100 gigabits per second (Gibfs)). Signals may be modu 
lated using any suitable modulation scheme, such as phase 
shift keying (PSK), for example, binary phase-shift keying 
(BPSK), quadrature phase-shift keying (QPSK), differential 
phase-shift keying (DPSK). The information may becommu 
nicated in packets communicated using any suitable protocol. 
0017. In particular embodiments, system 10 may be 
implemented with a receiver (for example, a coherent optical 
receiver) that uses feed-forward carrier recovery. The fre 
quency offset between the local oscillator of the receiver and 
the laser of the transmitter may be estimated using a feedback 
loop, and may be used to calculate the phase error for carrier 
recovery. To estimate the frequency offset, data may be esti 
mated using differential decoding (instead of using an esti 
mated phase error) and removed from a signal, and the fre 
quency offset may be estimated from the remaining signal. 
The frequency offset may be estimated and compensated for 
using digital signal processing. 
0018 Referring to FIG. 1A, in particular embodiments, 
system 10 includes a local oscillator (LO) 18, a 90° optical 
hybrid 20, detectors 21 (21a, 21b), analog-to-digital convert 
ers (ADCs) 22 (22a, 22b), an equalizer 26, a frequency offset 
compensator 30, a frequency offset estimator 34, and a carrier 
and data recovery module 36. 
0019. In particular embodiments, optical hybrid 20 
receives an incoming signal from a transmitter and a refer 
ence signal from local oscillator 18. The optical signal may 
have an angular frequency of co, and the reference signal may 
have an angular frequency of (). Optical hybrid 20 mixes 
the incoming signal with states (for example, quadratural 
states) associated with the reference signal in the complex 
field space and sends the light signals (for example, four light 
signals) to balanced detectors 21. Detectors 21 generate elec 
trical signals from the light signals and combine and send the 
electrical signal to analog-to-digital converters 22. Analog 
to-digital converters 22 convert the analog signal to a digital 
signal, which may be described by a constellation diagram 
50. Equalizer 26 reduces inter-symbol interference. Equalizer 
26 may compensate for transmission impairment, which may 
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yield a signal with a constellation diagram 52. Constellation 
diagram 52 indicates that the frequency offset has rotated the 
data. 
0020. In particular embodiments, frequency offset com 
pensator 30 receives the signal from equalizer 26 and com 
pensates for a frequency offset of the signal, which may yield 
a signal with a constellation diagram 54. Frequency offset 
estimator 34 receives the compensated signal from frequency 
offset compensator 30 and determines a frequency offset 
estimate from the signal. Frequency offset estimator 34 pro 
vides the frequency offset estimate as feedback to frequency 
offset compensator 30. Frequency offset estimator 34 is 
described in more detail with reference to FIG. 2. 
0021 Frequency offset compensator 30 compensates a 
next frequency offset of the signal according to the feedback, 
which may yield a constellation diagram 54 that indicates that 
there is still a relatively small amount of phase noise. Fre 
quency offset compensator 30 sends the signal to carrier and 
data recovery module 36. Carrier and data recovery module 
36 recovers the carrier wave, which may yield a signal with 
the constellation profile 58. 
0022. Update of the frequency offset estimate for fre 
quency offset compensator 30 may be performed at any Suit 
able rate. In particular embodiments, changes in the fre 
quency offset may occur at a rate that is slower than the data 
modulation rate, so the frequency offset need not be updated 
at the same rate as the data modulation rate. 
0023 Referring to FIG. 1B, in particular embodiments, 
system 10 may support a polarization diversity receiver. Sys 
tem 10 may overcome the problem of polarization depen 
dence. In addition, if an incoming signal is polarization mul 
tiplexed, system 10 may demultiplex the polarization 
components. 
0024. In the illustrated example, system 10 includes polar 
ization beam splitters (PBSs) 19 (19a, 19b). PBS 19a sepa 
rates an incoming signal from a transmitter into X/Y compo 
nents comprising an X-polarized incoming component and a 
Y-polarized incoming component. PBS 19b separates a ref 
erence signal from local oscillator (LO) 18 into X/Y compo 
nents comprising an X-polarized reference component and a 
Y-polarized reference component. Local oscillator laser (LO) 
has X and Ypolarization components. The X-polarized com 
ponents travel along an X-path 62, and the Y-polarized com 
ponents travel along a Y-path 64. 
0025. In the illustrated example, a reference number end 
ing in “X” indicates that the referenced object belongs to 
X-path 62, and a reference number ending in “y” indicates 
that the referenced object belongs to Y-path 64. Paths 62 and 
64 include a local oscillator (LO) 18, 90° optical hybrids 20 
x/y, detectors 21 (21ax/y, 21bv/v), analog-to-digital convert 
ers (ADCs) 22 (22ax/y, 22b.x/v), an equalizer 26, frequency 
offset compensators 30x/y, frequency offset estimators 34x/v, 
and carrier and data recovery modules 36x/y, which may 
operate in a manner Substantially similar to that described 
with reference to FIG. 1A. 
0026 Referring to FIG. 1C, in particular embodiments, 
system 10 includes a local oscillator (LO)18, PBSs 19x/1,90° 
optical hybrids 20 x/y, detectors 21 (21ax/y, 21bv/v), analog 
to-digital converters (ADCs) 22 (22ax/y, 22b.x/v), an equal 
izer 26, frequency offset compensators 30x/y, a frequency 
offset estimator 34, and carrier and data recovery modules 
36 x/y, which may operate in a manner Substantially similar to 
that described with reference to FIGS 1A and/or 1B. In 
particular embodiments, system 10 may include an averager 
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33 that takes the average of the frequency offset errors and 
sends the average to frequency offset estimator 34, which 
may improve accuracy. FIG. 2 illustrates an example of a 
frequency offset estimator 34 that may be used with system 
10 of FIG. 1. In certain embodiments, frequency offset esti 
mator 34 includes a pre-decision module 50, a delay 52, a data 
symbol remover 54, an offset errorestimator 56, and an offset 
updater 58. Pre-decision module 50 includes an angle differ 
ence module, a decider 72, and a data estimator 74. 
0027 Frequency offset estimator 34 estimates the fre 
quency offset in any Suitable manner. In particular embodi 
ments, pre-decision module 50 identifies data symbols of the 
signal, data symbol remover 54 removes the data symbols 
from the signal, and offset error estimator 56 and offset 
updater 58 determine the frequency offset estimate from the 
remaining signal. 
0028 Pre-decision module 50 identifies data symbols of 
the signal in any suitable manner. In particular embodiments, 
angle difference module 70 determines an angle difference 
A0 between consecutive symbols. Decider and data estimator 
74 identify the data symbol that corresponds to the angle 
difference according to the modulation format of system 10. 
In particular embodiments, decider 72 determines the phase 
shifts A0(k) that match (that is, are closest) to the angle 
differences, and data estimator 74 determines the data sym 
bols 0XA0(k) that corresponds to the phase-shifts. 
0029 Delay 52 delays the signal until the data symbol 
remover 54 receives the data symbol identified by pre-deci 
sion module 50. Data symbol remover 54 removes the data 
symbols from the delayed signal in any suitable manner. In 
particular embodiments, data symbol remover 54 appliesxe 
ye to the signal. After the data symbols have been removed, 
the rotation of the remaining signal is due mainly to the 
frequency offset. 
0030 Offset error estimator 56 and offset updater 58 
determine the frequency offset estimate from the remaining 
signal in any Suitable manner. In particular embodiments, 
offset error estimator 56 determines a frequency offset error 
Affrom the signal from which the data symbols have been 
removed. Error Aff is the frequency offset estimation error 
after compensation of the frequency offset f by the feedback 
loop. Offset errorestimator 56 is described in more detail with 
reference to FIG. 3. Offset updater 58 integrates the fre 
quency offsets errors Af, to yield frequency offset estimate 
f X.Afr and sends frequency offset estimate f(k) for 
sample kas feedback. In certain embodiments, feedback loop 
delay may not be a concern, because changes in the frequency 
offset may occur in a sufficiently slow manner. 
0031. In certain embodiments, if the signal is polarization 
multiplexed, the frequency offset estimate may be averaged 
from the X and Y polarization components. In certain 
embodiments, if the argument of the signal is calculated 
before the delay and differential modulator, then the angles 
may be added or subtracted instead of multiplying the com 
plex signal. 
0032 Frequency offset compensator 30 compensates a 
next frequency offset of the signal according to the feedback 
in any suitable manner. In particular embodiments, frequency 
offset compensator 30 appliesxe'e' to the signal, 
where T represents the symbol period. 
0033 FIG. 3 illustrates an example of an N-block fre 
quency offset error estimator 56 that may be used with fre 
quency offset estimator 34 of FIG. 2. N-block frequency 
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offset errorestimator 56 may take an average frequency offset 
over NA samples in order to estimate the frequency offset 
eO. 

0034. In the illustrated example, offset error estimator 56 
may include a delay 110, a conjugate module 114, a multiplier 
116, a Summer 118, an argument module 122, and a frequency 
offset calculator 126. In an example of operation, offset error 
estimator 56 receives a complex signal from which symbol 
data has been removed. The signal is split and sent to a delay 
110 and multiplier 116. Delay 110 delays the signal and 
conjugate module 114 takes the conjugate (O) of the 
delayed signal. 
0035 Combiner 116 combines the input signal with the 
signal from conjugate module 114 to yield an angle difference 
between consecutive samples. Summer 118 Sums the angle 
differences of N. samples 

X (o) 
NB 

to yield an average angle difference over N. samples. Argu 
ment module 122 takes the argument of the complex signal to 
yield an average angle rotation arg(O)=(p. Frequency offset 
calculator 126 determines the frequency offset error from the 
average angle rotation according to 

p 
Aff = 2T 

0036 FIG. 4 illustrates an example of a system 10 that 
compensates for frequency offset of a signal using a fre 
quency offset estimate provided as feedback prior to equal 
izing the signal. In particular embodiments, system 10 
includes local oscillator 18, 90° optical hybrid 20, detectors 
21, analog-to-digital converters (ADCs) 22, equalizer 26, 
frequency offset compensator 30, frequency offset estimator 
35, and carrier and data recovery module 36. 
0037. In certain embodiments, local oscillator 18, 90° 
optical hybrid 20, and analog-to-digital converters 22 operate 
in a manner substantially similar to that described with ref 
erence to FIG.1, which may yield a signal with a constellation 
diagram 50. Frequency offset compensator 30 sends a com 
pensated signal, which may be described by constellation 
diagram 51, to equalizer 26. Equalizer 26 processes in Samples 
per symbol period, which may yield an equalized signal 
described by constellation diagram 54. Parametern may have 
any suitable value. Such as n=1, 2, 3, . . . . If equalizer 26 
requires a full bandwidth of data, then ne2. For example, 
chromatic dispersion compensation may require n=2. If 
equalizer 26 is only for polarization dispersion compensa 
tion, n=1 may be used. Equalizer 24 sends the equalized 
signal to carrier and data recovery module 36 and to fre 
quency offset estimator 35. 
0038. In certain embodiments, frequency offset estimator 
35 determines the frequency offset estimate from the equal 
ized signal and sends the estimate to frequency offset com 
pensator 30. Frequency offset estimator 35 is described in 
more detail with reference to FIG. 5. Carrier and data recov 
ery module 36 may operate in a manner Substantially similar 
to that described with reference to FIG.1, which may yield an 
output signal described by constellation diagram 58. 
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0039 Referring to FIG. 4B, in particular embodiments, 
system 10 includes a local oscillator (LO)18, PBSs 19x/1,90° 
optical hybrids 20 x/y, detectors 21 (21ax/y, 21bv/v), analog 
to-digital converters (ADCs) 22 (22ax/y, 22b.x/v), an equal 
izer 26, frequency offset compensators 30x/y, frequency off 
set estimators 35x/y, and carrier and data recovery modules 
36 x/y, which may operate in a manner Substantially similar to 
that described with reference to FIGS. 1A, 1B, 1C, and/or 4A. 
0040. Referring to FIG. 4C, in particular embodiments, 
system 10 includes a local oscillator (LO)18, PBSs 19x/1,90° 
optical hybrids 20 x/y, detectors 21 (21ax/y, 21bv/v), analog 
to-digital converters (ADCs) 22 (22ax/y, 22b.x/v), an equal 
izer 26, frequency offset compensators 30x/y, a frequency 
offset estimator 35, an averager 33, and carrier and data 
recovery modules 36x/y, which may operate in a manner 
substantially similar to that described with reference to FIGS. 
1A, 1B, 1C, 4A, and/or 4.B. 
0041 FIG. 5 illustrates an example of a frequency offset 
estimator 35 that may be used with system 10 of FIG. 4. In 
certain embodiments, frequency offset estimator 35 includes 
pre-decision module 50, delay 52, data symbol remover 54, 
offset error estimator 56, and offset updater 58. Pre-decision 
module 50 includes angle difference module, decider 72, and 
data estimator 74. 
0042. Frequency offset estimator 35 may operate in a man 
ner substantially similar to that described with reference to 
FIG. 2, except that frequency offset estimator 35 determines 
a frequency offset estimate that takes into account the sam 
pling by equalizer 26. The frequency offset estimate allows 
frequency offset compensator 30 to compensate the next fre 
quency offset in accordance with the n samples per sample 
period. For example, the sample period by T may be divided 
by n, such that frequency offset compensator 30 appliesxe 
2atya?'" to the signal, where T represents the symbol 
period. 
0043. A component of the systems and apparatuses dis 
closed herein may include an interface, logic, memory, and/or 
other Suitable element. An interface receives input, sends 
output, processes the input and/or output, and/or performs 
other Suitable operation. An interface may comprise hardware 
and/or software. 
0044 Logic performs the operations of the component, for 
example, executes instructions to generate output from input. 
Logic may include hardware, Software, and/or other logic. 
Logic may be encoded in one or more tangible media and may 
perform operations when executed by a computer. Certain 
logic, such as a processor, may manage the operation of a 
component. Examples of a processor include one or more 
computers, one or more microprocessors, one or more appli 
cations, and/or other logic. For example, a digital signal pro 
cessor (DSP). Such as an application specific integrated cir 
cuit (ASIC) or a field-programmable gate array (FPGA) may 
be used. 
0045. In particular embodiments, the operations of the 
embodiments may be performed by one or more computer 
readable media encoded with a computer program, Software, 
computer executable instructions, and/or instructions capable 
of being executed by a computer. In particular embodiments, 
the operations of the embodiments may be performed by one 
or more computer readable media storing, embodied with, 
and/or encoded with a computer program and/or having a 
stored and/or an encoded computer program. 
0046. A memory stores information. A memory may com 
prise one or more tangible, computer-readable, and/or com 
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puter-executable storage medium. Examples of memory 
include computer memory (for example, Random Access 
Memory (RAM) or Read Only Memory (ROM)), mass stor 
age media (for example, a hard disk), removable storage 
media (for example, a Compact Disk (CD) or a Digital Video 
Disk (DVD)), database and/or network storage (for example, 
a server), and/or other computer-readable medium. 
0047 Modifications, additions, or omissions may be made 
to the systems and apparatuses disclosed herein without 
departing from the scope of the invention. The components of 
the systems and apparatuses may be integrated or separated. 
Moreover, the operations of the systems and apparatuses may 
be performed by more, fewer, or other components. For 
example, the operations of frequency offset compensator 30 
and frequency offset estimator 34 may be performed by one 
component, or the operations of frequency offset estimator 34 
may be performed by more than one component. Addition 
ally, operations of the systems and apparatuses may be per 
formed using any Suitable logic comprising software, hard 
ware, and/or other logic. As used in this document, “each 
refers to each member of a set or each member of a subset of 
a Set. 

0048 Modifications, additions, or omissions may be made 
to the methods disclosed herein without departing from the 
Scope of the invention. The methods may include more, 
fewer, or other steps. Additionally, steps may be performed in 
any suitable order. 
0049. Although this disclosure has been described in 
terms of certain embodiments, alterations and permutations 
of the embodiments will be apparent to those skilled in the art. 
Accordingly, the above description of the embodiments does 
not constrain this disclosure. Other changes, Substitutions, 
and alterations are possible without departing from the spirit 
and scope of this disclosure, as defined by the following 
claims. 
What is claimed is: 
1. A method comprising: 
receiving a signal communicated from a transmitter to a 

receiver; 
determining a frequency offset estimate of the signal, the 

frequency offset estimate indicating a frequency differ 
ence between the transmitter and the receiver; 

providing the frequency offset estimate as feedback; and 
compensating for a next frequency offset according to the 

feedback. 
2. The method of claim 1, the determining the frequency 

offset estimate of the signal further comprising: 
identifying a plurality of data symbols of the signal; 
removing the data symbols from the signal; and 
determining the frequency offset estimate from the remain 

ing signal. 
3. The method of claim 1, the determining the frequency 

offset estimate of the signal further comprising determining a 
plurality of data symbols of the signal by: 

determining an angle difference between consecutive sym 
bols of a plurality of symbols of the signal to yield a 
plurality of angle differences; and 

identifying the data symbols from the angle differences. 
4. The method of claim 1, the determining the frequency 

offset estimate of the signal further comprising: 
removing a plurality of data symbols from the signal; 
determining an average angle difference between consecu 

tive samples of the remaining signal for a plurality of 
consecutive samples; and 
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determining the frequency offset estimate from the average 
angle difference. 

5. The method of claim 1, the determining the frequency 
offset estimate of the signal further comprising: 

removing a plurality of data symbols from the signal; 
determining an angle difference between consecutive 

samples of the remaining signal for a plurality of con 
secutive samples to yield a plurality of angle differences; 
and 

Summing the plurality of angle differences. 
6. The method of claim 1, the receiving the signal further 

comprising: 
receiving the signal from a frequency offset compensator 

configured to receive the signal from an equalizer, the 
equalizer configured to reduce inter-symbol interfer 
CCC. 

7. The method of claim 1: 
the receiving the signal further comprising receiving the 

signal from an equalizer configured to reduce inter-sym 
bol interference, the equalizer processing n samples per 
symbol period; and 

the compensating for the next frequency offset according 
to the feedback further comprising: 
compensating the next frequency offset in accordance 

with then samples per symbol period; and 
sending the signal with the compensated next frequency 

offset to the equalizer. 
8. The method of claim 1, the frequency difference being a 

frequency difference between a transmitter laser of the trans 
mitter and a local oscillator of the receiver. 

9. An apparatus comprising: 
an interface configured to: 

receive a signal communicated from a transmitter to a 
receiver, and 

one or more processors configured to: 
determine a frequency offset estimate of the signal, the 

frequency offset estimate indicating a frequency dif 
ference between the transmitter and the receiver; 

provide the frequency offset estimate as feedback; and 
compensate for a next frequency offset according to the 

feedback. 
10. The apparatus of claim 9, the one or more processors 

configured to determine the frequency offset estimate of the 
signal by: 

identifying a plurality of data symbols of the signal; 
removing the data symbols from the signal; and 
determining the frequency offset estimate from the remain 

ing signal. 
11. The apparatus of claim 9, the one or more processors 

configured to determine the frequency offset estimate of the 
signal by determining a plurality of data symbols of the signal 
by: 

determining an angle difference between consecutive sym 
bols of a plurality of symbols of the signal to yield a 
plurality of angle differences; and 

identifying the data symbols from the angle differences. 
12. The apparatus of claim 9, the one or more processors 

configured to determine the frequency offset estimate of the 
signal by: 

removing a plurality of data symbols from the signal; 
determining an average angle difference between consecu 

tive samples of the remaining signal for a plurality of 
consecutive samples; and 
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determining the frequency offset estimate from the average 
angle difference. 

13. The apparatus of claim 9, the one or more processors 
configured to determine the frequency offset estimate of the 
signal by: 

removing a plurality of data symbols from the signal; 
determining an angle difference between consecutive 

samples of the remaining signal for a plurality of con 
secutive samples to yield a plurality of angle differences; 
and 

Summing the plurality of angle differences. 
14. The apparatus of claim 9, the interface configured to 

receive the signal by: 
receiving the signal from a frequency offset compensator 

configured to receive the signal from an equalizer, the 
equalizer configured to reduce inter-symbol interfer 
CCC. 

15. The apparatus of claim 9: 
the interface configured to receive the signal by receiving 

the signal from an equalizer configured to reduce inter 
symbol interference, the equalizer processing n samples 
per symbol period; and 

the one or more processors configured to compensate for 
the next frequency offset according to the feedback by: 
compensating the next frequency offset in accordance 

with then samples per symbol period; and 
sending the signal with the compensated next frequency 

offset to the equalizer. 
16. The apparatus of claim 9, the frequency difference 

being a frequency difference between a transmitter laser of 
the transmitter and a local oscillator of the receiver. 

17. One or more processors configured to execute instruc 
tions to: 

receive a signal communicated from a transmitter to a 
receiver; 
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determine a frequency offset estimate of the signal, the 
frequency offset estimate indicating a frequency differ 
ence between the transmitter and the receiver, the fre 
quency difference being a frequency difference between 
a transmitterlaser of the transmitter and a local oscillator 
of the receiver; 

provide the frequency offset estimate as feedback; and 
compensate for a next frequency offset according to the 

feedback. 
18. The processors of claim 17, the one or more processors 

configured to determine the frequency offset estimate of the 
signal by: 

identifying a plurality of data symbols of the signal; 
removing the data symbols from the signal; and 
determining the frequency offset estimate from the remain 

ing signal. 
19. The processors of claim 17, the one or more processors 

configured to determine the frequency offset estimate of the 
signal by determining a plurality of data symbols of the signal 
by: 

determining an angle difference between consecutive sym 
bols of a plurality of symbols of the signal to yield a 
plurality of angle differences; and 

identifying the data symbols from the angle differences. 
20. The processors of claim 17, the one or more processors 

configured to determine the frequency offset estimate of the 
signal by: 

removing a plurality of data symbols from the signal; 
determining an average angle difference between consecu 

tive samples of the remaining signal for a plurality of 
consecutive samples; and 

determining the frequency offset estimate from the average 
angle difference. 


